IMPORTANCE Many bacterial cell surface polysaccharides that are important for survival and virulence are synthesized at the periplasmic leaflet of the inner membrane (IM) using precursors produced in the cytoplasm. Wzx flippases are responsible for translocation of lipid-linked sugar repeat units across the IM and had been previously suggested to simply facilitate passive substrate diffusion. Through our characterization of purified Wzx in a reconstitution system described herein, we have observed protein-dependent intrinsic transport producing a change in the electrical potential of the system, with H ؉ identified as the coupling ion. These results provide the first evidence for coupled (i.e., secondary active) transport by these proteins and, in conjunction with structural data, allow for an antiport mechanism to be proposed for the directed transport of lipid-linked sugar substrates across the IM. These findings bring our understanding of lipid-linked polysaccharide transporter proteins more in line with the efflux pumps to which they are evolutionarily related. 
ing until a recent investigation in which our group characterized the functional importance of various amino acids in the context of a novel tertiary structure homology model for Wzx from P. aeruginosa PAO1 (Wzx Pa ) (6) , which was based on the X-ray crystal structure of the related MATE protein NorM from Vibrio cholerae O1 El Tor (NorM Vc ) (18) . This has led to the proposition of antiport function for Wzx flippases (3, 6) .
Herein, we have examined the intrinsic transport properties of Wzx Pa (17) . Through liposome reconstitution of purified Wzx Pa , we measured anion flux from proteoliposomes in response to increasing external H ϩ (but not Na ϩ ) concentrations; this result was not observed in several mutant variants with previously demonstrated complementation deficiencies in genetic screens. Fluorometric analysis of reconstituted Wzx Pa revealed that it also mediated proteoliposome acidification in the presence of an outward anion gradient. Together, these findings demonstrate H ϩ -mediated anion flux via Wzx Pa that supports a proposed antiport mechanism for O-unit translocation in P. aeruginosa PAO1.
RESULTS
Validation of a liposome reconstitution system for examining gating stimuli. Examination of ion coupling in MOP superfamily proteins has typically been carried out using whole cells or spheroplasts derived from wild-type and mutant strains (19) (20) (21) (22) (23) ; as such, any confounding effects from other integral IM transport proteins still present in the cellular or spheroplast membrane cannot be discounted. To characterize the mechanism of Wzx Pa function in the absence of other transport proteins, Wzx Pa was first overexpressed and purified as a tobacco etch virus (TEV) proteasecleavable fusion to green fluorescent protein (GFP)-His 8 (Fig. 1A) . GFP fluorescence was exploited to optimize overexpression and detergent solubilization conditions (24) ; it also facilitated tracking of the protein through in-gel fluorescence detection (Fig. 1B) .
To create a defined environment, Wzx Pa was reconstituted in proteoliposomes through a recently described procedure (25) used to characterize the bacterial OM protein AlgE, required for alginate secretion in P. aeruginosa (26) . TEV protease digestion of intact and disrupted proteoliposomes followed by fluorescence detection of cleaved GFP-His 8 ( Fig. 1D ) revealed that~20% of particles were protected from digestion in intact proteoliposomes (Fig. 1E) ; this suggests that these particles are oriented with the periplasmic face of Wzx Pa exposed on the surface of the proteoliposomes (facing the bath solution) and the cytoplasmic face present within the interior (see Fig. S1 in the supplemental material).
Based on the positively charged interior conduit identified in our homology model (6), we first tested the ability of liposomereconstituted Wzx Pa to mediate anion flux (Fig. 1F ). Potassium iodide (K ϩ I Ϫ ) was trapped inside proteoliposomes during reconstitution, followed by gel filtration to remove the external I Ϫ and introduce candidate transport-coupling ions. Flux of I Ϫ was monitored over time with an I Ϫ -sensitive electrode, first allowing for a baseline leakage rate to be established. We hypothesized that intralumenal positive charge would accumulate if the flux through an "open" Wzx Pa was anion selective, thereby limiting its electrod- Purified Wzx-GFP-His 8 was reconstituted in egg phosphatidylcholine (PC) liposomes (1:400 protein-to-lipid ratio by mass) in the presence of MOPS-KI and then gel filtered to switch the external buffer to MOPS-KGlu containing potential gating stimuli. Valinomycin (20 nM) was added (t ϭ 0 s) to initiate flux. Proteoliposomes were ruptured by addition of 0.3% TX to ensure I Ϫ entrapment, as evidenced by the sudden spike in I Ϫ detected by the probe upon detergent treatment. The slope before valinomycin addition (cyan line) was subtracted from that after addition (magenta line) to calculate the adjusted rate of I Ϫ release (M/s). The rate of probe saturation (green line) was used as an internal normalization control to compensate for dilution variation in different gel-filtered preparations. Samples of egg PC-alone liposomes were simultaneously prepared and analyzed to provide a baseline reference for I Ϫ leakage.
iffusion. In this case, addition of the K ϩ ionophore valinomycin would overcome this limitation, resulting in enhanced flux through an "open" Wzx Pa . Upon valinomycin addition, a robust increase in the I Ϫ flux rate was indeed observed (Fig. 1G) , substantiating our claim that Wzx Pa mediates anion-selective flux. Even after extended time post-valinomycin addition, detergent-lysed proteoliposomes contained an abundance of I Ϫ , indicating that intraliposomal I Ϫ had not become limiting (Fig. 1G) .
Wzx Pa -mediated I ؊ flux is unaffected by Na ؉ . Most experimentally characterized MATE proteins have been found to utilize Na ϩ as the coupling ion during extrusion of charged and hydrophobic toxic compounds from inside the cell via antiport (17) ; in these investigations, Na ϩ at 20 mM was shown to elicit optimal MATE protein activity (27) (28) (29) (30) . To test the role of Na ϩ in the Wzx Pa transport function, we added sodium glutamate (Na ϩ Glu Ϫ ) to the bath containing Wzx Pa proteoliposomes, while maintaining the conditions in the assay as described previously. However, upon valinomycin addition, no significant I Ϫ flux was detected above background levels in the presence of Na ϩ for Wzx Pa proteoliposomes (see Fig. S2 in the supplemental material).
H ؉ titer affects Wzx Pa -mediated I ؊ flux. Antiport activity by a subset of MATE proteins has been shown to be coupled to H ϩ (17) . To test the role of protons in Wzx Pa -mediated anion flux, the external H ϩ concentration surrounding Wzx Pa proteoliposomes was altered through gel filtration of proteoliposomes into morpholinepropanesulfonic acid (MOPS)-potassium glutamate (KGlu) buffer at pH 6.5, 7.5, or 8.5 to provide a 10-fold increase, unchanged, or 10-fold decrease in the H ϩ titer relative to the pH inside the proteoliposomes (pH 7.5), respectively. At external pH 6.5 ( Fig. 2A and 2D ), a significant I Ϫ flux increase was observed (~200%) compared to results for external pH 7.5 ( Fig. 2B  and 2D ). Conversely, when less H ϩ was present externally (pH 8.5) than in the proteoliposome interior, significantly less I Ϫ release was detected ( Fig. 2C and 2D ). These results indicate that H ϩ is modifying halide flux through Wzx Pa . Moreover, the I Ϫ flux observed in response to valinomycin addition is consistent with the activity of Wzx Pa as an electrogenic transporter/channel.
Anionic residue mutants of Wzx Pa display compromised H ؉ -dependent halide flux. Based on previous mutagenesis and complementation studies by our group, the single substitutions E61A, D269A, and D359A yielded defective Wzx Pa variants unable to restore B-band O-Ag biosynthesis in a chromosomal wzx knockout mutant (6) . From the tertiary structure homology model of Wzx Pa (6) , these side chain carboxylates were present in ␣-helical transmembrane segment (TMS) bundles (rather than being positioned to face the interior vestibule). To independently confirm these positions, the FILM3 modeling approach was employed to use peptide fragment assembly and correlated mutation analysis (31) to produce a de novo tertiary structure model of Wzx Pa in the absence of the manual query template alignment biases potentially imposed during homology modeling (32) . Comparison of the homology and FILM3 structures yielded analogous TMS packing and protein folds, with a template modeling (TM) score of 0.67296 calculated via the TM-align algorithm (a TM score of Ͼ0.5 indicates the same fold) (see Fig. S3 in the supplemental material) (33) .
Equivalent positioning of the above-mentioned three residues in helical bundles was also observed (Fig. 3A) . While the previously published Wzx Pa structural homology model presented the protein in a periplasm-open apo-form state, the FILM3 model displays a more inverted conformation open to the cytoplasm. Since proteins that undergo conformational changes require different sets of contacts to stabilize each state, models built using predicted contacts are likely to adopt an "average" conformation; this is due to the objective function of the program attempting to simultaneously satisfy these different contact sets. This further supports the existence of a cytoplasm-open state for Wzx Pa . Through positioning analogous to that of residues shown to bind the antiport coupling ion in NorM Vc (D36, E255, and D371) and NorM from Neisseria gonorrhoeae (NorM Ng ; D41, E261, and D377) (34), similar roles were proposed for amino acids E61, D269, and D359 from Wzx Pa (6) . Upon comparison with wildtype Wzx Pa via the I Ϫ flux assay, each mutant displayed a signifi- Compared against results for the WT, differences for the E61A, D269A, and D359A mutants were statistically significant (Student's t test, P Ͻ 0.0001). Differences between the mutants were not statistically significant (E61A versus D269A, P ϭ 0.3959; E61A versus D359A, P ϭ 0.9924; D269A versus D359A, P ϭ 0.4150).
cant reduction in H ϩ -dependent halide flux, confirming the roles of these residues in responsiveness to ion coupling ( Fig. 3B and  3C ).
Wzx Pa mediates lumenal acidification of liposomes. Proteoliposomes were reconstituted in the presence of the membraneimpermeant pH-sensitive dye 5 (and 6-)-carboxy-SNARF-1 (SNARF-1). Changes in pH result in a ratiometric shift in fluorescence intensities between the two emission peaks of the dye; higher acidity or alkalinity results in increased intensity of the 580-nm or 640-nm peak, respectively (35) . To examine the utility of using SNARF-1 for monitoring internal changes in the proteoliposomal proton concentration, SNARF-1-loaded proteoliposomes were gel filtered into buffers at pH 6.5, 7.5, or 8.5 as previously described, followed by treatment with the protonophore carbonyl cyanide 3-chlorophenylhydrazone (CCCP) to artificially promote H ϩ transport across the membrane. Dual-wavelength fluorescence emission was monitored over time, with the 580-nm/ 640-nm ratio determined. Lumen acidification (i.e., faster 580-nm intensity increases) would manifest as a linear regression line with a positive slope; the steeper the slope, the faster the rate of lumen acidification. At external pH 6.5, CCCP addition resulted in significant 580-nm peak intensity increases, while at external pH 7.5, no significant deviation from 0 was detected. At external pH 8.5, when H ϩ was higher inside than outside the proteoliposomes, the 640-nm peak intensity increased faster, as H ϩ was removed from the proteoliposome lumen (see Fig. S4 in the supplemental material).
Next, we assessed changes in proteoliposomal proton flux mediated by Wzx Pa . Valinomycin was added to SNARF-1-loaded proteoliposomes (to enable continuous I Ϫ flux), and changes in SNARF-1 fluorescence were monitored (see Fig. S5 in the supplemental material). With an inward-directed H ϩ gradient (at external pH 6.5), a considerable increase in lumen acidity was observed ( Fig. 4A and 4D ). Upon reversal of the H ϩ gradient (at external pH 8.5), a net decrease in lumen acidity was observed; this is consistent with the second population of reconstituted proteins (which have their periplasmic faces exposed on the proteoliposome interior) removing H ϩ from within the proteoliposome interior ( Fig. 4C and 4D ). Given the requirement of valinomycin in the I Ϫ flux experiments to initiate halide flux in an electrogenic manner (Fig. 2 ), this would posit that H ϩ should be transported by Wzx Pa even in the absence of an H ϩ gradient. Consequently, in the presence of an internal and external pH of 7.5, proteoliposome lumen acidification was still detected (Fig. 4B and 4D ) (albeit at a lower rate than observed for external pH 6.5), indicating Wzx Pamediated H ϩ uptake.
DISCUSSION
The PST and MATE protein families are ubiquitous in bacteria and are the two most closely related groups in the MOP exporter superfamily (16) . However, while MATE proteins (e.g., NorM) have been well studied, PST proteins (e.g., Wzx) have remained poorly characterized. NorM and related proteins utilize antiport mechanisms in which two solutes are transported in opposite directions across the IM (36) . While the majority of MATE proteins characterized have been shown to use Na ϩ as the coupling ion, a subset have demonstrated H ϩ -dependent antiport (17) , including NorM (i.e., PmpM) from P. aeruginosa PAO1 (NorM Pa ) (20) , PfMATE from the archaeon Pyrococcus furiosus (23) , and eukaryotic hMATE1/2 from Homo sapiens (37, 38) . Recent X-ray crystallographic studies and molecular dynamics (MD) simulations of NorM Ng and NorM Vc , respectively, have revealed considerable internal TMS rearrangement upon couplingion binding, even in the absence of bound substrate, yielding a water-accessible pathway through the protein (18, 39, 40) . Proton transport uncoupled from substrate transport has also been demonstrated for PfMATE (23) . Given the structural and evolutionary analogies between these proteins and Wzx Pa (3, 6 , 16), we tested the ability of known MATE coupling ions to induce such changes in the latter that would allow flux of a signal anion from the interior of proteoliposomes. Use of a defined and established reconstitution system (25, 26) allowed us to examine these characteristics in isolation and avoid any effects of other proteins that could influence the flux phenotype (3, 22, 23) . Wzx Pa activity was found to respond to H ϩ (but not Na ϩ ), mirroring the phenotype observed for NorM Pa and PfMATE (20, 23) . Moreover, Wzx Pa was shown to mediate H ϩ uptake even in the absence of a directed H ϩ gradient, further supporting its capacity to catalyze movement of H ϩ . The need for valinomycin treatment to register anion flux points to the electrogenic nature of the flippase with a proton: anion stoichiometry that is not 1:1. In addition, the observation that H ϩ uptake still occurs with symmetric pH gradients but an outward anion gradient provides further evidence for an antiport mechanism (36) .
The 3D structural context of the E61, D269, and D359 Wzx Pa flippase functional groups suggested functional roles similar to those of the NorM Vc residues D36, E255, and D371 (34, 41) . Consistent with those in NorM Vc (40) , the functional defects of these Wzx Pa residues corresponded to compromised coupling-ion responsiveness. The only other Wzx protein characterized via sitedirected mutagenesis is that from Escherichia coli O157:H7 The membrane-impermeant pH-sensitive dye carboxy-SNARF-1 was incorporated inside proteoliposomes during reconstitution, followed by gel filtration to alter the external buffer pH to 6.5 (A), 7.5 (B), or 8.5 (C). Displayed is a representative linear regression of the internal proteoliposome pH (calculated from the 580-nm/640-nm fluorescence emission ratio) over time after valinomycin addition and mixing. Net acidification of the proteoliposome interior would be due to H ϩ transit from the outside of the liposome, resulting in the intensity of the 580-nm peak increasing over time, yielding a linear regression fit with a positive slope. Conversely, loss of H ϩ from the proteoliposome interior would cause net alkalinization, resulting in the intensity of the 580-nm peak increasing over time, yielding a linear regression fit with a negative slope. (D) Rate of carboxy-SNARF-1 acidification normalized to external pH 6.5 (n ϭ 3). All rate differences were statistically significant (P Յ 0.05) as calculated using the Student t test: pH 6.5 versus pH 7.5, P ϭ 0.0009; pH 6.5 versus pH 8.5, P Ͻ 0.0001; pH 7.5 versus pH 8.5, P ϭ 0.0390.
(Wzx Ec ), for which the anionic residues D85 and D326 were shown to be functionally important (42) . Through the use of in silico and in vitro techniques (43), a topological map of Wzx Ec was also proposed (44) . Comparison of the Wzx Ec topology map and Wzx Pa homology model (6) indicated putative positional equivalence of these Wzx Ec residues to E61 and D269 from Wzx Pa (3) . While H ϩ is the coupling ion for Wzx Pa and NorM Pa , NorM (YdhE) from E. coli utilizes Na ϩ to drive antiport activity (45); as such, if Wzx Ec were to display Na ϩ -dependent gating, it might point to the conserved use of a particular coupling ion between related transport proteins in a given species.
Residues R59, Y60, F139, R146, and K272 from Wzx Pa are also functionally important. Putative substrate interaction roles for these residues have been highlighted, as follows: (i) the Wzx Pa O-unit trisaccharide substrate has a net negative charge (2), (ii) aromatic side chains are often found in sugar-and carbohydratebinding sites in proteins (46, 47) , and (iii) most are in direct contact with the internal flippase cavity (6), similar to the case of substrate-binding D41, S61, F265, Q284, S288, D355, and D356 from NorM Ng (39) .
Taking into consideration knowledge derived from the latest data in the Wzx and NorM literature, including X-ray crystallography (23, 18, 39) , mutagenesis (6, 23, 39, 41) , modeling (6), biochemical studies (4), MD simulations (40) , and phylogenetic analysis (16), as well as the proteoliposomal I Ϫ and H ϩ flux results obtained in this study, we have adapted the MATE efflux model described by Lu et al. (39) to propose the following model for the mechanism of O-unit flipping across the IM. In a periplasmfacing O-unit-bound Wzx Pa ( Fig. 5A ; see also Fig. S6B in the supplemental material), H ϩ is bound by the D269 -D359 (TMS8 -TMS11) dyad via recruitment by E61 (TMS2) ( Fig. 5B ; see also Fig. S6B ), causing K272 (TMS8) and TMS11 to shift away from TMS1 and toward TMS10 ( Fig. 5C ; see also Fig. S6C ). This allows the flipped O unit to disengage F139 (TMS4) and laterally diffuse into the outer leaflet of the IM via the exit portal formed by TMS1 and TMS9; this opening also facilitates transit of the Und moiety between the IM leaflets ( Fig. 5D ; see also Fig. S6D) . The H ϩ -bound O-unit-free Wzx Pa reverts to a cytoplasm-facing inverted conformation ( Fig. 5E ; see also Fig. S6E ) in which another UndPP-linked O unit enters the protein from the TMS1-TMS9 entryway and is loaded via stereospecific interaction with R59 and Y60 (TMS2) ( Fig. 5F ; see also Fig. S6F) . Binding of the new O unit induces a reset in TMS8 and TMS11 positioning (Fig. 5G) , thus weakening the D269 -D359 dyad H ϩ binding and resulting in H ϩ release into the cytoplasm ( Fig. 5H; see also Fig. S6G ). Wzx Pa then relaxes to a periplasm-facing state, resulting in transbilayer flipping of the O unit across the IM, restarting the cycle ( Fig. 5A ; see also Fig. S6H ).
In conclusion, these findings provide the basis for interpreting the structure and function of Wzx flippases, a widespread yet poorly understood class of proteins.
MATERIALS AND METHODS
DNA manipulations. Site-directed mutagenesis, transformation, and plasmid recovery were carried out as previously described (6, 9) on the pWaldo-wzx-GFP plasmid encoding Wzx-GFP-His 8 (4) to obtain plasmids encoding E61A, D269A, and D359A mutant constructs using previously designed oligonucleotide primers (6) . A tobacco etch virus (TEV) protease cleavage site is present between the terminus of Wzx and the start of GFP-His 8 (24) .
Overexpression and purification of Wzx-GFP-His 8 . E. coli BL21(DE3) was transformed with the wild-type (WT) and mutant pWaldo-wzx-GFP constructs via heat shock. Transformants were grown on lysogeny broth (LB) agar and in LB broth supplemented with kanamycin (50 g/ml). Broth cultures were inoculated to an initial optical density at 600 nm (OD 600 ) of 0.01, and grown with shaking (220 rpm, 37°C) until an OD 600 of 0.25 to 0.35 was reached. Cultures were shifted to 30°C for 30 min and then induced by addition of 0.5 mM isopropyl-␤-Dthiogalactopyranoside (IPTG) (Roche) for 5 to 7 h (30°C, 220 rpm) (24) .
Cell pellets were resuspended in 25 mM MOPS and 75 mM potassium iodide (pH 7.5) (MOPS-KI) buffer, with 1ϫ Complete protease inhibitor lacking EDTA (Roche) and lysed via two passages (20,000 lb/in 2 ) through an Emulsiflex C3 high-pressure homogenizer (Avestin). Unlysed cells and crude debris were sedimented at 12,000 ϫ g (30 min, JA25.50 rotor) in a Beckman superspeed centrifuge, followed by sedimentation at 120,000 ϫ g (1.25 h, Ti70 rotor) in a Beckman ultracentrifuge to obtain the membrane pellet. This was resuspended in MOPS-KI with 1ϫ Complete lacking EDTA, 0.2% lauryldimethylamine-N-oxide (LDAO) detergent, and 20 mM imidazole via three passages in a Dounce homogenizer. Samples were sedimented in an ultracentrifuge to obtain the solubilized membrane fraction.
Solubilized membrane samples were mixed with Talon affinity resin (Clontech) at a ratio of 5:1, incubated on a Nutator platform at 4°C (2 h), and then packed in a disposable purification column at 4°C (Bio-Rad). Samples were washed and eluted with increasing concentrations of imidazole in MOPS-KI buffer containing 0.1% LDAO. Elution fractions were pooled and concentrated in a 30-kDa cutoff Vivaspin column (Sartorius) in a Sorval centrifuge (3,000 ϫ g). MOPS-KI (0.1% LDAO, no imidazole) was added and spun through the sample thrice. Protein concentrations of purified samples were measured using the detergent-compatible bicinchonic acid assay kit (Thermo) in a 96-well plate using a BMG FluoStar Optima microplate reader. Purified proteins and proteoliposomes were heated in Laemmli buffer (37°C, 30 min) and resolved via sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) along with ECL Plex fluorescent Rainbow marker (GE Healthcare). In-gel fluorescence scans were obtained with a Typhoon 9410 imager and ImageQuant TL software (GE Healthcare). The blue 2 (488), green (532), and red (633) excitation lasers and the 526SP, 580BP, and 670BP emission filters were used to detect GFP, Cy3, and Cy5 fluorescence, respectively.
Liposome reconstitution of WT and mutant Wzx-GFP-His 8 constructs. Egg phosphatidylcholine (PC) (200 g) in chloroform (Avanti) was dried in a glass vial under argon gas. Dried egg PC was resuspended in MOPS-KI (0.1% LDAO) via vortex mixing (10 s) twice and sonication in a chilled bath (5 s) thrice. Protein sample volume was added to the resuspended lipid at a protein-to-lipid ratio of 1:400 by weight such that the final mixture volume remained 1 ml. Protein-lipid mixtures were extruded 15 times through an Eclipse 25 G ϫ 1½ in. needle (BD Biosciences) and incubated on ice for 1 h. Protein-lipid mixtures were passed down a detergent-removal spin column (Thermo), which had been prepared using MOPS-KI lacking detergent according to the manufacturer's instructions. All reconstitutions were performed in pH 7.5 buffer unless otherwise specified, resulting in an internal proteoliposome pH of 7.5. For fluorimetry analysis of intraliposomal pH changes, the pH-sensitive dye (35) 5 (and 6-)-carboxy-seminaphthorhodafluor 1 (SNARF-1) (100 M; Life Technologies) was added to the protein-lipid mixture immediately before detergent removal. To ensure maximal membrane and protein integrity, liposome samples were always freshly prepared and used immediately for gel filtration and downstream analyses; they were never frozen and thawed.
Determination of Wzx-GFP-His 8 orientation in liposomal membrane. Proteoliposomes (100 l) were aliquoted in triplicate, with the first left untreated. Thirty units of TEV protease (Invitrogen) were added to the second and third aliquots, with the latter sample lysed with Triton X-100 (TX) (0.5%; Sigma). All three samples were left shaking in the dark at room temperature (9 h). Insoluble components were sedimented in a tabletop Beckman ultracentrifuge (MLA130 rotor, 120,000 ϫ g, 30 min, 4°C). The supernatant containing cleaved GFP-His 8 was mixed with 2ϫ SDS-PAGE sample buffer and heated at 37°C (30 min). Samples (40 l) were resolved on a 12% SDS-PAGE gel and imaged using a Typhoon scanner as described above. Densitometry of GFP-His 8 fluorescence was performed using ImageJ software. Results were normalized to the intensity observed in the presence of TEV protease and TX. All statistical analyses were carried out using GraphPad Prism 6 software.
Proteoliposome-based I ؊ and H ؉ flux assays for Wzx-GFP-His 8 . Iodide efflux from proteoliposomes was measured as previously described for the eukaryotic cystic fibrosis transmembrane conductance regulator (25) and the prokaryotic outer-membrane beta-barrel AlgE required for alginate secretion (26) . In brief, I Ϫ was removed from the extraliposomal buffer via triplicate gel filtration passage through columns packed with preswelled Sephadex G-50 resin (GE Healthcare); this resin was saturated in I Ϫ -free buffer containing 20 mM MOPS and 75 mM potassium glutamate (MOPS-KGlu) external solution. Sephadex G-50 resin was preswelled with MOPS-KGlu buffer at different pH levels (adjusted with concentrated potassium hydroxide to pH 6.5, 7.5, or 8.5) or supplemented with 20 mM sodium glutamate (pH 7.5) to test the effects on I Ϫ flux of altered extraliposomal pH or the presence of extraliposomal sodium, respectively. The potassium-selective ionophore valinomycin was added (10 nM) to equilibrate changes in membrane potential generated by I Ϫ leakage through Wzx-GFP-His 8 . The protonophore carbonylcyanide m-chlorophenylhydrazone (CCCP) was added (20 M) to shuttle H ϩ across the liposomal membrane. For all pH values, I Ϫ flux readings were obtained within the linear range of the I Ϫ electrode (see Fig. S7 in the supplemental material).
Iodide efflux measurements were carried out as previously described (25, 48, 49) . External I Ϫ concentrations were continuously monitored with an I Ϫ -selective electrode (Lazar Research Laboratories) connected to a Digidata 1320A data acquisition system running Clampex 8 software (Axon Instruments). Fluorimetry analyses were carried out in a quartz cuvette (Hellma) using a QuantaMaster 80 fluorimeter (Photon Technology International). SNARF-1 was excited at 514 nm, with emission from the acid-sensitive and base-sensitive peaks monitored at 580 nm and 640 nm, respectively, with real-time correction. Valinomycin (10 nM) or CCCP (20 M) was added (t ϭ Ϫ300 s) to the gel-filtered proteoliposomes, and after a final mix (t ϭ 0 s) the run was monitored for an extended period to observe shifts in the relative intensities of the 580-nm and 640-nm emission peaks. At each time point, the 580-nm/640-nm fluorescence emission ratio was determined and used to calculate the internal proteoliposome pH. These data were fit to a linear regression line of the ratio plotted over time.
De novo structure modeling. A Wzx Pa multiple sequence alignment (MSA) was generated using the software program jackhmmer (50) . Three search iterations were performed with an E value inclusion threshold of 10 Ϫ6 against the UNIREF100 data bank (51), with duplicate rows and columns containing gaps in the target sequence removed, resulting in a final MSA of 22,241 aligned sequences. The program PSICOV (52) was then used to generate a list of predicted contacts from the MSA along with precision estimates for each contact. Secondary structure and TMS predictions generated using the PSIPRED (53) and MEMSAT-SVM (54) programs were combined using a simple consensus scoring scheme ensuring that the predicted topology was enforced. Using the list of predicted contacts where estimated precision was Ͼ0.5 and the consensus secondary structure as inputs, 200 models were generated using the FILM3 de novo structure prediction method (31), 100 with z coordinate constraints derived from topology prediction and 100 without. The lowest-energy model was then identified using the standard FILM3 objective function, and the 100 lowest-energy models were fitted to it by rigid body superposition. The mean pairwise TM score (55) was calculated for all models in the resulting ensemble, producing a value of 0.25, which indicates good homogeneity among the candidate structures. In development of FILM3, this value showed a strong correlation with the observed TM score of the final model (Pearson's r ϭ 0.77), allowing the TM score of the Wzx model to be predicted using linear regression as 0.59, therefore indicating a model with high probability of a correct fold. The FILM3 combinatorial refinement protocol was applied to the ensemble, but the resulting model displayed an implausible topology. We therefore selected the lowestenergy structure as the final model, which we refined using the software program MODELLER (24) to produce reasonable loop and side chain conformations.
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